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Deserlptlon 

[0001] This invention relates to a micromechanical 
device for spatially and temporally modufating an inci- 
dent beam of light and, more particularly, to an electro- s 
mechanical device with a confonnal grating structure 
that causes diffraction of the incident light beam. 
[0002] Electromechanical spatial light modulators 
with a variety of designs have been used in applications 
such as display, optical processing, printing, optical data io 
storage and spectroscopy. These modulators produce 
spatial variations in the phase and/or amplitude of an 
incident beam of light using arrays of Individually ad- 
dressable devices. 

[0003] Spatial phase modulation of an incident beam is 
can be accomplished by arrays of individually address- 
able deformable minions. Such devices can be from a 
deformable reflective membrane suspended over a grid 
of supports, as described in U. S. Patent No. 4,441 ,791 , 
issued April 1 0, 1 984 to Hornbeck, entitled "Deformable 20 
Mirror Light Modulator." However, because of the mem- 
brane and support structure, these particular defomna- 
ble min-ors are very inefficient. More efficient defonna- 
ble mirror designs are disclosed in U. S Patent 
5,170,283, issued December 8, 1992 to O'Brien et al., 25 
entitled "Silicon Spatial Light Modulator," and in U. S. 
Patent 5,844,711, Issued December 1, 1998 to Long, 
Jr., entitled "Tunable Spatial Light Modulator." 
[0004] Another class of electromechanical spatial 
light modulators has devices with a periodic sequence 30 
of reflective elements that form electromechanical 
phase gratings. In such devices, the incident light beam 
Is selectively reflected or diffracted Into a number of dis- 
crete orders. Depending on the application, one or more 
of these diffracted orders may be collected and used by 3s 
the optical system. For many applications, electrome- 
chanical phase gratings are preferable to deformable 
mirrors. Electromechanical phase gratings can be 
formed in metallized elastomer gels; see U. S. Patent 
4,626,920, issued December 2, 1 986 to Glenn, entitled 40 
"Solid State Light Modulator Structure," and U. S. Patent 
4,857,978, issued August 15, 1989 to Goldburt et al.. 
entitled "Solid State Light Modulator Incorporating Met- 
allized Gel and Method of Metallization." The electrodes 
below the elastomer are patterned so that the applica- 45 
tlon of a voltage deforms the elastomer producing a 
nearly sinusoidal phase grating. These types of devices 
have been successfully used in color projection dis- 
plays; see "Metallized viscoelastic control layers for 
light-valve projection displays," Displays 1 6, 1 995, pag- so 
es 13-20, and "Full-colour diffraction-based optical sys- 
tem for light-valve projection displays," Displays 16, 
1995, pages 27-34. 

[0005] An electromechanical phase grating with a 
much faster response time can be made of suspended ss 
micromechanical ribbon elements, as described In U. S. 
Patent No. 5,311,360, issued May 10, 1994, to Bloom 
et al., entitled "Method and Apparatus for Modulating a 
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Light Beam." This device, also known as a grating light 
valve (GLV), can be fabricated with CMOS-like process- 
es on silicon. Improvements in the device were later de- 
scribed by Bloom etal. that included: 1) patterned raised 
areas beneath the ribbons to minimize contact area to 
obviate stictlon between the ribbons and the substrate, 
and 2) an alternative device design In which the spacing 
between ribbons was decreased and alternate ribbons 
were actuated to produce good contrast. See U. S. Pat- 
ent No. 5,459,610, issued October 17, 1995 to Bloom 
et al., entitled "Defomiable Grating Apparatus for Mod- 
ulating a Light Beam and Including Means for Obviating 
Stiction Between Grating Elements and Underlying 
Substrate." Bloom et al. also presented a method for 
fabricating the device; see U. S. Patent No. 5,677,783, 
issued October 14, 1997. entitled "Method of Making a 
Deformable Grating Apparatus for Modulating a Light 
Beam and Including Means for Obviating Stictlon Be- 
tween Grating Elements and Underlying Substrate." Ad- 
ditional Improvements In the design and fabrication of 
the GLV were described In U. S. Patent No. 5,841 ,579, 
issued November 124, 1998 to Bloom et al., entitled 
"Flat Diffraction Grating Light Valve," and in U. S, Patent 
No. 5,661 ,592, Issued August 26. 1 997 to Bernstein et 
al., entitled "Method of Making and an Apparatus for a 
Flat Diffraction Grating Light Valve." Linear arrays of 
GLV devices can be used for display and printing as de- 
scribed in U. S, Patent No. 5,982,553. issued November 
9, 1999 to Bloom et al., entitled "Display Device Incor- 
porating One-Dlmenslonal Grating Light-Valve Array." 
With linear GLV arrays of this type, the diffraction direc- 
tion is not perpendicular to the array direction, which in- 
creases the complexity of the optical system required 
for separation of the diffracted orders. Furthermore, the 
active region of the array Is relatively narrow requiring 
good alignment of line illumination over the entire length 
of the array, typically to within 1 0-30 microns over a few 
centimeters of length. The line illumination then also 
needs to be very straight over the entire linear array. 
[0008] There is a need therefore for a linear array of 
grating devices that has a large active region with the 
diffraction direction perpendicular to the array direction. 
Furthermore, the device must be able to diffract light ef- 
ficiently at high speed into discrete orders and the de- 
vice fabrication must be compatible with CMOS-like 
processes. 

[0007] The need is met according to the present in- 
vention by providing a mechanical grating device for 
modulating an Incident beam of light by diffraction, that 
Includes an elongated element Including a light reflec- 
tive surface; a pair of end supports for supporting the 
elongated element at both ends over a substrate; at 
least one intemnedlale support between the end sup- 
ports; and means for applying a force to the elongated 
element to cause the element to defomi between first 
and second operating states. 

[0008] The present invention has the advantage of 
having a wide active region compared to prior art grating 
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light valv© arrays, thereby facilitating alignment of the 
device and allowing tolerances on the illumination sys- 
tem to be relaxed. The device has the further advantage 
that the diffraction direction is perpendicular to the long 
axis of the array, thereby allowing simplification of the 
optics employed to collect the light diffracted by the ar- 
ray. 



Fig. 1 is a perspective, partially cut-away view of the 
spatial light modulator with confonnal grating devic- 
es of the present Invention, showing two devices In 
a linear array; 

Fig. 2 is a top view of the spatial light modulator of 
the present invention, showing four devices in a lin- 
ear an^y; 

Fig. 3a and b are cross-sectional views through line 
3-3 in Fig. 1 showing the device In an unactuated 
state and an actuated state, respectively; 
Fig. 4a and b are a cross-sectional views through 
line 4-4 in Fig. 1 showing the device in an unactu- 
ated state and an actuated state, respectively; 
Fig. 5 is a plot showing device position as a function 
of applied voltage; 

Fig. 6 is a diagram showing the deflected element 
profile in response to two different actuation voltag- 
es In device: 

Fig. 7 is a plot showing diffraction efficiency of the 
modulator as a function of applied voltage for two 
different optical system; 

Fig. 8 Is a top view of an alternate embodiment of 
the spatial light modulator; and 
Fig. 9a and b are cross sectional views of a further 
alternative embodiment of the spatial light modula- 
tor according to the present invention. 

10009] The confomnai grating devices of the preferred 
embodiment of the present invention are illustrated in 
Figs. 1-4. Fig. 1 shows the structure of two side-by-side 
confonnal grating devices 5a and 5b In an unactuated 
state. In this embodiment, the devices can be operated 
by the application of an electrostatic force. The grating 
devices 5a and 5b are formed on top of a substrate 1 0, 
made of glass, metal, plastic or semiconductor materi- 
als, that is covered by a bottom conductive layer 12 
which acts as an electrode to actuate the devices. The 
bottom conductive layer 12 can be made of materials 
such as aluminum, titanium, gold, silver, tungsten, 
doped silicon or indium tin oxide. The bottom conducllvB 
layer 12 Is covered by a dielectric protective layer 14 
followed by a spacer layer 1 8. On top of the spacer layer 
18, a ribbon layer 20 is fornied which is covered by a 
reflective layer 22. In the present embodiment, the re- 
flective layer 22 is also a conductor in order to provide 
electrodes for the actuation of the conformal grating de- 
vices 5a and 5b. The reflective and conductive layer 22 
is patterned to provide electrodes to the two conformal 
grating devices 5a and 5b. The ribbon layer 20 prefera- 
bly comprises a material with a sufficient tensile stress 



to provide a large restoring force. Examples of ribbon 
materials are silicon nitride, titanium aluminide, and ti- 
tanium oxide. The thickness and tensile stress of the rib- 
bon layer 20 are chosen to optimize perfonnance by in- 
s fluencing the electrostatic force for actuation and the re- 
storing force. These forces affect the voltage require- 
ment, speed and resonance frequency of the conformal 
grating devices 5a and 5b. 

[001 0] Each of the two devices 5a and 5b has an as- 
10 socialed elongated ribbon element 23a and 23b, re- 
spectively, patterned from the reflective and conductive 
layer 22 and the ribbon layer 20. The elongated ribbon 
elements 23a and 23b are supported by end supports 
24a and 24b fornied from the spacer layer 18 and by 
15 one or more intemiediate supports 27. In Fig. 1, three 
intermediate supports 27 are shown fornied from the 
spacer layer 18. These intermediate supports 27 are 
uniformly separated in order to form four equal-width 
channels 25. The elongated ribbon elements 23a and 
^0 23b are secured to the end supports and to the interme- 
diate supports 27. The end supports 24a and b are not 
defined other than at their edges facing the channel 25. 
A plurality of square standoffs 29 is patterned at the bot- 
tom of the channels 25 from the standoff layer 1 4, These 
25 standoffs 29 reduce the possibility of the ribbon ele- 
ments sticking when actuated. The standoffs may also 
be patterned In shapes other than square; for example, 
rectangular or round. 

[001 1] A top view of a four-device linear array of con- 
50 fonnal grating devices 5a, 5b, 5c and 5d is shown in Fig. 
2. The elongated ribbon elements are depfcted partially 
removed over the portion of the diagram below the line 
2-2 In order to show the underiying structure. For best 
optical perfonnance and maximum contrast, the inter- 
ns mediate supports 27 must be completely hidden below 
the elongated ribbon elements 23a, 23b, 23c and 23d. 
Therefore, when viewed from the top, the intermediate 
supports must not be visible in the gaps 32 between the 
confomnai grating devices 5a-5d. Here each of the con- 

40 fomial grating devices has three intermediate supports 
27 with four equal-width channels 25. 
[001 2] The center-to-center separation A of the inter- 
mediate supports 27 defines the period of the confonnal 
grating devices in the actuated state. The elongated rib- 
bon elements 23a-23d are mechanically and electrically 
Isolated from one another, allowing Independent opera- 
tion of the four conformal grating devices 5a-5d. The 
bottom conductive layer 12 of Fig. 1 can be common to 
all of the devices. 

50 [0013] Fig. 3a is a side view, through line 3-3 of Fig. 
2, of two channels 25 of the confonnal grating device 5b 
in the unactuated state. Fig. 3b shows the same view of 
the actuated state. For operation of the device, an at- 
tractive electrostatic force is produced by applying a 

55 voltage difference between the bottom conductive layer 
12 and the conducting layer 22 of the elongated ribbon 
element 23b. In the unactuated state (see Fig. 3a), with 
no voltage difference, the ribbon element 23b Is sus- 
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pended flat between the supports. In this state, an Inci- 
dent light beam 30 is primarily reflected 33 into the min-or 
direction. To obtain the actuated state, a voltage is ap- 
plied to the conformal grating device 5b, which deforms 
the elongated ribbon element 23b and produces a par- s 
tially confomial grating with period A. Figs. 3b shows 
the device in the fully actuated state with the elongated 
ribbon element 23b In contact with the standoffs 29. The 
height difference between the bottom of element 23b 
and the top of the standoffs 29 is chosen to be approx- io 
imately M of the wavelength X of the Incident light. The 
optimum height depends on the specific shape of the 
actuated device. In the actuated state, the incident light 
beam 30 Is primarily diffracted Into the order 35a 
and -1 »t order 35b. with additional light diffracted Into the is 
+2"^ order 36a and -2"^ order 36b. A small amount of 
light is diffracted Into even higher orders and some Is 
reflected. For light Incident perpendicular to the surface 
of the device, the angle between the incident beam 
and the mth order diffracted beam is given by 20 

sin e„ = mX/A . 



where m is an integer. 

[0014] One or more of the diffracted orders can be col- 
lected and used by the optical system, depending on the 
application. When the applied voltage is removed, the 
forces due to the tensile stress and bending restores the 
ribbon element 23b to its original unactuated state. 
[0015] Figs. 4a and 4b show a rotated side view 
through line 4-4 of Fig. 2 of the conformal grating device 
5b in the unactuated and actuated states, respectively. 
The elongated ribbon element 23b Is suspended by the 
end support 24b and the adjacent intermediate support 
27 (not shown In this perspective). The application of a 
voltage actuates the device as illustrated in Fig. 4b. 
[0016] In the preferred embodiment, a linear array of 
confomnal grating devices is formed by arranging the de- 
vices as illustrated in Figs. 1-3 with the direction of the 
grating period A (the y direction) perpendicular to the 
array direction (the x direction). The diffracted orders are 
then at various angles In the y-z plane and are perpen- 
dicular to the array direction. Even with a large linear 
array consisting, possibly, of several thousand devices 
Illuminated by a narrow line of light, the diffracted orders 
become spatially separated over a relatively short dis- 
tance. This feature simplifies the optical system design 
and enables feasible designs In which the separation of 
orders can be done spatially without the need of 
Schlieren optics. 

[0017] In a linear array made from conventional GLV 
devices, the grating period is parallel to the array direc- 
tions which leads to a much larger distance needed for 
spatial separation of the diffracted orders. As a compar- 
ative example, let us consider an array of conformal 
grating devices that is 4cm long (2000 devices 20 ^im 
wide) Illuminated by a 100 \im line of light. For devices 
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with a period chosen such that the diffracted orders are 
angulariy separated by 1 degree, the orders will become 
spatially separated in approximately 6 mm. A similar 4 
cm linear array of prior art GLV devices with a 4 degree 
angular separation between diffracted orders would re- 
quire at least 60 cm for spatial separation, without the 
use of a Schlieren optical system. 
[001 ej Furthermore, because the grating period A In 
a confomial grating array is perpendicular to the an-ay 
direction, the array can be made many periods wide, 
with no significant constraint on the number of periods 
possible. Increasing the number of periods Improves the 
optical alignment tolerances and provides some built-in 
redundancy In case of local device failure. If a portion 
of a conformal grating device stops functioning, the op- 
tical beam can be repositioned to a woricing portion. 
[001 9] To understand the electromechanical and op- 
tical operation of the confomrial grating device in more 
detail, it is helpful to examine the expected performance 
of a realistic design with the following materials and pa- 
rameters: 

Substrate material: silicon 
Bottom conductive layer: doped silicon 
Protective layer: silicon dioxide, thickness = 50 nm 
Spacer layer: silicon dioxide, thickness = 150 nm 
Ribbon layer: silicon nitride, thickness = 100 nm, 
tensile stress = BOO Mna 

Reflective and conductive layer: aluminum, thick- 
ness = 50 nm 
Grating period A = 20 ^im 
Suspended length of elongated ribbon element = 1 6 
^m 

Width of elongated ribbon element w = 30 [im 
Width of intermediate supports = 4 ^m 



This type of design allows for fabrication with CMOS 
methods and integration with C(\^OS circuitry. The res- 
onant frequency of the ribbon elements In this particular 
40 design is approximately 11 MHz. Most practical designs 
have resonantfrequencies between 2 MHz and 15 MHz. 
Because of this high resonance, the switching time of 
the device can be very short. 

[0020] Figs. 5 and 6 show the modeled electrome- 
45 chanical operation of this particular devfce. Fig. 5 Is a 
plot of the position of the elongated ribbon element at 
the center of a channel as a function of applied voltage, 
illustrating the associated hysteresis. As the voltage Is 
increased from 0 V, the center displacement Increases 
so in approximately a quadratic manner until the pull-down 
voltage of 20.1 V Is reached. At this voltage, the elec- 
trostatic force overcomes the tensile restoring force and 
the ribbon slams Into the substrate. Further Increasing 
the applied voltage changes the shape of the deformed 
S5 ribbon, but cannot change the center position. With the 
ribbon in contact with the substrate, the voltage can be 
reduced below the pull-down value while maintaining 
contact, until release at 10.8 V. This hysteresis can be 
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exploited to improve the optical perfomfiance of the de- 
vice. It can also be used as a switch in certain applica- 
tions. 

[0021] Fig. 6 demonstrates how the grating profile 
may be modified by adjusting the applied voltage. The 
profile of two periods of the actuated device is shown at 
12V (dotted line) and at 22V (solid line), with the ribbon 
and substrate in contact. To obtain this 12V profile, con- 
tact must first be established by applying a value larger 
than the pull-down voltage of 20.1 V. Because 12V is 
only slightly larger that the release voltage, only a small 
portion of the ribbon touches the substrate. This change 
in shape with voltage has an important Impact on the 
diffraction efficiency of the device. 
[0022] Fig. 7 is a plot of the diffraction efficiency of the 
device as a function of applied voltage, assuming an il- 
lumination wavelength of 550 nm and 100% reflectivity. 
Efficiency curves are shown for two cases: 1) an optical 
system that collects of the -1 and +1 diffracted orders 
and 2) a system that collects all of the diffracted orders. 
The curves for both cases show that the voltage can be 
adjusted to maximize the diffraction efficiency. For the 
first system the maximum occurs at about 14.5 V, where- 
as for the second It occurs at about 16V. In order to 
achieve the optimal optical performance with this partic- 
ular design, it is necessary to first establish contact by 
applying a voltage larger than the pull-down voltage of 
20.1 V. The voltage is then reduced to obtain the optimal 
shape. 

[0023] An alternate embodiment of conformal grating 
devices is shown in Fig. 8, which depicts a top view of 
a four-device linear array similar to Fig. 2. Each of the 
conformal grating devices 5a, 5b, 5c and 5d now has an 
associated pair of elongated ribbon elements (51a, 
52a), (51 b. 52b), (5 1 c. 52c) and (51 d, 52d), respectively! 
This subdivision of each device permits fabrication of 
wider devices without significantly impacting optical per- 
formance. The preferred method of fabrication is to etch 
a sacrificial layer from the channel, thus releasing the 
ribbon elements. The gaps 55 between the elements al- 
low the etchant to access this sacrificial layer. Increasing 
the number of gaps 55 can therefore improve the etch- 
ing process. In practice, it may be necessary to further 
subdivide the conformal grating devices into more than 
two. The elongated ribbon elements are depicted par- 
tially removed over the portion of the diagram below the 
line 2-2 in order to show the underlying structure. For 
best optical perfomiance and maximum contrast, the In- 
termediate supports 27 must be completely hidden be- 
low the elongated ribbon elements 51a, 52a, 51b, 52b, 
51c, 52c, 51 d and 52d. Therefore, when viewed from 
the top, the intermediate supports 27 must not penetrate 
into the gaps 55. The ribbon elements within a single 
conformal grating device are mechanically isolated, but 
electrically coupled. They therefore operate In unison 
when a voltage is applied. 

[0024] The conformal grating devices described in the 
above embodiments have intemiediate supports at- 



tached to the elongated ribbon elements. To obtain very 
high contrast, these supports must be completely hid- 
den when the devices are not actuated and the ribbon 
elements must be completely flat. However, in practice, 
5 the fabrication causes some nonunlfonnity in the profile 
of the ribbon element just above the intermediate sup- 
ports. The nonunlformity produces a weal^ grating re- 
ducing the contrast of the device. Figs. 9a and 9b show 
an alternate embodiment that reduces this problem. The 
10 side view is the same as in Fig. 3a and 3b. Fig. 9a de- 
picts the two channels 25 between the three Intemiedi- 
ate supports 27 of the device in the unactuated state. 
Fig. 9b shows the same view of the actuated state. In 
the unactuated state, with no voltage applied to the de- 
is vice, the ribbon element 23b is suspended flat above 
the intermediate supports 27 by the two end supports 
24a and 24b (see Fig. 2), leaving a small gap 60 be- 
tween the top of the intermediate supports 27 and the 
bottom of the ribbon element 23b. When a voltage is 
20 applied to actuate the device, the bottom of the ribbon 
element 23b makes contact with the top of the interme- 
diate supports and a partially conforming grating is cre- 
ated. Figs. 3b shows the device in the fully actuated 
state with the elongated ribbon element 23b also touch- 
es ing the standoffs 29, 



Claims 

50 1 . A mechanical grating device for modulating an Inci- 
dent beam of light by diffraction, comprising: 

a) an elongated element Including a light reflec- 
tive surface; 

b) a pair of end supports for supporting the 
elongated element at both ends over a sub- 
strate; 

c) at least one intemiediate support between 
the end supports; and 

d) means for applying a force to the elongated 
element to cause the element to deform be- 
tween first and second operating states. 



35 



45 



so 3. 



The mechanical grating device claimed in claim 1 , 
wherein in the first operating state, the elongated 
element functions as a plane reflector and In the 
second operating state the elongated element func- 
tions as a diffraction grating. 

The mechanical grating device claimed in claim 1 . 
wherein the intermediate support contacts the elon- 
gated element only when In the second operating 
state. 



« 4. The mechanical grating device claimed In claim 1 , 
wherein the elongated element Is supported under 
tension. 
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5. The mechanical grating device claimed In claim 1 , 
further including a stand off located on the substrate 
under the elongated element to prevent the elon- 
gated element from sticking to the substrate when 
the elongated element is deformed. s 

6. The mechanical grating device claimed in claim 1 , 
wherein the force is an electrostatic force. 

7. The mechanical grating device claimed in claim 6, io 
wherein the elongated element includes a first con- 
ductor, and the substrate under the elongated ele- 
ment includes a second conductor for applying a 
voltage to generate the electrostatic force. 

15 

8. The mechanical grating device claimed in claim 1, 
wherein the elongated element comprises a plural- 
ity of parallel spaced apart portions. 

9. The mechanical grating device claimed In claim 8, 20 
wherein the intemiediate support comprises a plu- 
rality of spaced apart portions arranged such that 

the intermediate support is not visible when viewing 
the light reflective surface of the elongated element. 

25 

10. A mechanical grating device array for spatially mod- 
ulating an incident beam of light by diffraction, com- 
prising a plurality of mechanical grating devices, 
each grating device comprising: 

30 

a) an elongated element including a light reflec- 
tive surface; 

b) a pair of end supports for supporting the 
elongated element at both ends over a sub- 
strate; 35 

c) at least one intemiediate support between 
the end supports; 

d) means for applying a force to the elongated 
element to cause the element to deform be- 
tween first and second operating states. 40 

11. The mechanical grating device array claimed in 
claim 10, wherein in the first operating state, the 
elongated elements functions as a plane reflector 
and In the second operating state the elongated el- 45 
ement functions as a diffraction grating. 

12. The mechanical grating device array claimed in 
claim 1 0, wherein the intemiediate support contacts 
the elongated element only when in the second op- so 
erating state. 



substrate under the elongated element to prevent 
the elongated elementfrom sticking to the substrate 
when the elongated element is defonned. 

15. The mechanical grating device array claimed in 
claim 1 0, wherein the force Is an electrostatic force. 

16. The mechanical grating device array claimed in 
claim 15, wherein the elongated element includes 
a first conductor, and the substrate under the elon- 
gated element includes a second conductor for ap- 
plying a voltage to generate the electrostatic force. 

17. The mechanical grating device array claimed In 
claim 1 0, wherein the elongated element comprises 
a plurality of parallel spaced apart portions. 

18. The mechanical grating device array claimed in 
claim 1 0, wherein the intemiediate supports are not 
visible when viewing the light reflective surfaces of 
the elongated elements. 

19. The mechanical grating device array claimed in 
claim 1 0, wherein the grating devices are an^anged 
in a line such that light is diffracted in a direction 
perpendicular to the line. 

20. The mechanical grating device array claimed in 
claim 1 0, wherein the grating devices are arranged 
in a two dimensional array. 

21. A method of operating the mechanical grating de- 
vice claimed in claim 7, wherein the mechanical 
grating device exhibits hysteresis, comprising the 
steps of: 

a) applying a voltage across the conductors of 
the device to switch the device from the first 
state to the second state; and 

b) decreasing the voltage to hold the elongated 
element in a more optimal second state. 



13. The mechanical grating device array claimed in 
claim 1 0, wherein the elongated element is support- 
ed under tension. 55 

14. The mechanical grating device array claimed in 
claim 1 0, further including a standoff located on the 
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